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During the pas t  10-15 years ,  very s ign i f i can t  advances i n  con- 
t r o l l i n g  exhaust emissions from automobile power p lan ts  have been made. 
I n i t i a l l y ,  emissions reductions were achieved through ca re fu l  readjust-  
ment and cont ro l  of engine operating conditions (1). More recent ly ,  
highly e f f ec t ive  exhaust treatment devices requir ing a minimum of basic 
modification t o  the  a l ready  highly developed i n t e r n a l  combustion engine 
have been demonstrated. These a r e  based on thermal and/or c a t a l y t i c  
oxidation of hydrocarbons ( H C )  and carbon monoxide ( C O )  i n  the engine 
exhaust system (2,3 ,4). Nitrogen oxide (NOx) emissions have been 
reduced t o  some exten t  through a combination of re tarded ign i t ion  timing 
and exhaust gas r ec i r cu la t ion  ( E G R ) ,  both f ac to r s  serving t o  diminish 
seve r i ty  of t he  combustion process temperature-time h i s to ry  without sub- 
s t a n t i a l l y  a l t e r i n g  design of the basic  engine (5) .  

Basic combustion process modification as an  a l t e r n a t i v e  means 
f o r  emissions cont ro l  has received l e s s  a t t en t ion  than the  foregoing 
techniques,  though it has been demonstrated t h a t  c e r t a i n  modified com- 
bust ion systems can i n  pr inc ip le  y ie ld  s ign i f i can t  po l lu tan t  reductions 
without need f o r  exhaust treatment devices ex terna l  t o  the  engine. 1 Additionally,  it has been demonstrated t h a t  when compared with conven- 

1 t i o n a l  engines cont ro l led  t o  low emissions l eve l s ,  modified combustion 
processes can o f f e r  improved f u e l  economy. 

Nearly a l l  such modifications involve engine designs permitt- 
ing combustion of fue l - a i r  mixtures lean beyond normal ign i t i on  l i m i t s .  

with extremely lean  cornbustion tend t o  l i m i t  the  r a t e  of n i t r i c  oxide 
(NO) formation and, hence, the emission of NOx. A t  the  same time, the 
r e l a t i v e l y  high oxygen content of lean mixture combustion products tends 
t o  promote complete oxidation o f  unburned HC and CO provided t h a t  com- 
bust ion gas temperatures a r e  s u f f i c i e n t l y  high during l a t e  port ions af 
the engine cycle. 

The purpose of t h i s  paper is t o  present  an  ove ra l l  review of 
the  underlying concepts and cur ren t  s t a t u s  of unconventional engines 
employing modified combustion as  a means f o r  emissions cont ro l .  
Detailed f indings r e l a t ed  t o  spec i f i c  power p lan ts  o r  t o  spec i f i c  appli- 
ca t ions  w i l l  be t r ea t ed  by the  papers which follow. 

emissions standards l eg i s l a t ed  f o r  the ears  1975 and 1976. As a r e su l t  
of Environmental Protect ion Agency (EPAY ac t ions  suspending the  1975 HC 
and CO standards and the  1976 NOx standard, severa l  s e t s  of values 
e x i s t .  These a r e  l i s t e d  i n  Table I and i n  the  t e x t  w i l l  be referenced 
e i t h e r  as  s t a tu to ry  (o r ig ina l  standards as  s e t  by the  Clean A i r  A c t  

/' 

I A s  w i l l  be shown, decreased mean combustion temperatures associated 

I 
I 

Throughout the  paper exhaust emissions w i l l  be compared with 

I Amendment of 1970) o r  as  inter im standards a s  s e t  by the  EPA. 
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Theoretical  Basis f o r  
Combustion Modification 

of the r a t e  of NO formation i n  combustion processes under conditions 
t y p i c a l  of engine operation. This f igu re  demonstrates two major points  
r e l a t ed  t o  con t ro l  of N k  emissions: F i r s t ,  the  slow rate of NO forma- 
t i o n  r e l a t i v e  t o  the  rates of major combustion reac t ions  responsible 
f o r  heat re lease  and, second, the s t rong  influence of fue l -a i r  equiva- 
lence r a t i o  on the  rate of NO formation. 

reac tors"  have shown t h a t  hydrocarbon-air combustion r a t e s  can be cor- 
r e l a t ed  by an expression of the form 

Figure 1 has been derived from experimental measurements (6)  

Experimental combustion s tud ie s  ( 7 )  employing "wel l -s t i r red 

N Gram-Moles/LLter-Second 
A t m l . 8  - =  v p1.s 

where : 

N = moles reac tan ts  consumed per  second 
V = combustion volume 
p = t o t a l  pressure 

For condi t ions typ ica l  of engine operation, t h i s  expression 
y i e lds  a time of approximately 0.1 IUS f o r  completion of major hea t  
re lease  react ions following ign i t ion  of a loca l ized  parce l  of fue l - a i r  
mixture within the  combustion chamber. Comparison w i t h  Figure 1 shows 
t h a t  t h e  time required f o r  formation of s ign i f i can t  amounts of NO i n  
combustion gases is a t  least a f ac to r  of 10 g rea t e r .  Thus, i n  prin- 
c ip l e ,  energy conversion can be e f fec ted  i n  times much shor te r  than 
required fo r  NO formation. In  the  conventional spark ign i t ion  engine, 
the r e l a t i v e l y  lengthy flame t r a v e l  process permits combustion products 
t o  remain a t  high temperatures s u f f i c i e n t l y  long t h a t  considerable NO 
formation occurs. 

that maximum r a t e s  of NO formation a r e  observed at  fue l - a i r  equivalence 
r a t i o s  around 0.9 ( f u e l  l ean ) .  For r i che r  mixtures, the concentrations 
of atomic and diatomic oxygen, which pa r t i c ipa t e  a s  reac tan ts  i n  the 
formation of NO i n  combustion gases, decrease. On the  other  hand, f o r  
mixtures leaner  than approximately 0.9 equivalence r a t i o ,  decreasing 
combustion temperatures r e s u l t  i n  lower NO formation r a t e s .  

t i on .  0 e ra t ion  w i t h  extremely rich fue l - a i r  mixtures (Point A of 
Figure 27, of course, r e s u l t s  i n  low N& emissions s ince  the  maximum 
chemical equilibrium NO l e v e l  is grea t ly  reduced under such conditions. 
However, the r e s u l t a n t  pena l t ies  i n  terms of impaired f u e l  economy and 
excessive HC and CO emissions a r e  wel l  known. A n  a l t e r n a t i v e  is opera- 
t i o n  wi th  extremely l ean  mixtures (Point B), l ean  beyond normal ign i t ion  
limits. Combustion under such conditions can lead t o  low N& emissions 
while a t  the  same t i m e  providing an excess of oxygen f o r  complete com- 
bust ion of CO and HC. 

Operation of i n t e r n a l  combustion engines wi th  extremely lean 
ove ra l l  fue l - a i r  r a t i o s  has been achieved i n  severa l  ways, employing a 
number of d i f f e r i n g  combustion chamber configurat ions.  One approach 

Figure 2,  which consol idates  t he  da ta  of Figure 1, indicates  

Figure 2 serves  a s  a basis f o r  combustion process modifica- 
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involves ign i t i on  of a very small and loca l ized  quant i ty  of fue l - r ich  
and ign i t ab le  mixture (Point  A of Figure 2 ) ,  which i n  tu rn  serves  t o  
inflame a much l a rge r  quant i ty  of surrounding fue l - a i r  mixture too lean 
f o r  i gn i t i on  under normal circumstances. The bulk or average f u e l - a i r  
r a t i o  f o r  t he  process corresponds t o  Point B of Figure 2 ;  and, as  a 
consequence, reduced exhaust emissions should r e s u l t .  

process. An i n i t i a l  r i c h  mixture s tage  i n  which major combustion reac- 
t i ons  a r e  ca r r i ed  out  i s  followed by extremely rapid mixing of r i ch  
mixture combustion products w i t h  d i lu t ion  air .  The t r a n s i t i o n  from 
i n i t i a l  Point A t o  f i n a l  Point B i n  Figure 2 i s ,  i n  p r inc ip l e ,  su f f i -  
c i e n t l y  rapid tha t  l i t t l e  opportunity f o r  NO formation e x i s t s .  Implici t  
here is  u t i l i z a t i o n  of t he  concept t ha t  t h e  heat re lease  reac t ions  
involved i n  the t r a n s i t i o n  from Point A t o  Point B can be ca r r i ed  out 
so rapidly that time is not ava i l ab le  f o r  formation of s i g n i f i c a n t  
amounts of NO. 

A second approach involves timed s tag ing  of the  combustion 

1 

the  subsequent compression s t roke  nears completion, f u e l  i s  in jec ted  
i n t o  and mixes wi th  an element of swir l ing  a i r  charge. This i n i t i a l  
fue l - a i r  mixture i s  spark ign i t ed ,  and a flame zone is es tab l i shed  down- 
stream from the nozzle. As i n j ec t ion  continues, fue l - a i r  mixture is 
continuously swept i n t o  the  flame zone. The t o t a l  quant i ty  of f u e l  con- 
sumed per cycle and, hence, engine power output ,  a r e  cont ro l led  by vary- 

1 

\ 

I 

Reciprocating spark ign i t i on  engines designed t o  exp lo i t  the  
foregoing ideas  a r e  usua l ly  ca l l ed  s t r a t i f i e d  charge engines, a term 
genera l ly  applied t o  a l a rge  number of designs encompassing a wide  
spectrum of basic  combustion processes. 
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mixture. Flame propagation proceeds outward from the  point  of i gn i t i on  
through the  leaner por t ions  of the combustion chamber. 

of CO, pr imari ly  a r e s u l t  of lean  mixture combustion. Unburned HC and 
N& emissions have been found t o  be lower than those typ ica l  of uncon- 
t r o l l e d  conventional engines, but i t  appears t h a t  add i t iona l  cont ro l  
measures a re  required t o  meet s t a t u t o r y  1976 Federal emissions standards. 

ment of low emissions TCCS and PROCO power p lan ts  f o r  l ight-duty Mi l i ta ry  
vehicles .  
cy l inder ,  70-hp I,-141 Jeep engine. The vehicles  i n  which these engines 
were placed were equipped with oxidizing c a t a l y s t s  f o r  added cont ro l  of 
HC and CO emissions, and EGR was used as an add i t iona l  measure for con- 
t r o l  of NOx. 

Results of emissions t e s t s  on Mi l i ta ry  Jeep vehicles  equipped 
with TCCS and PROCO engines are l i s t e d  i n  Table I1 (10).  A t  low mileage 
these vehicles  met t he  s t a t u t o r y  1976 emissions s tandards.  Deteriora- 
t i o n  problems r e l a t ed  t o  HC emission would be expected t o  be similar t o  
those of conventional engines equipped with oxidizing ca t a lys t s .  This 
i s  evidenced by t h e  increase  in HC emissions with mileage shown by 
Table 11. NOx and CO emissions appear t o  have remained below 1976 
l eve l s  with mileage accumulation. 

passenger car  vehicles  equipped with PROCO engine conversions (10). 
These i n s t a l l a t i o n s  included noble metal c a t a l y s t s  and EGR f o r  added 
con t ro l  of HC and NOx emissions, respect ively.  A l l  vehicles  met t he  
s t a t u t o r y  1976 standards a t  low mileage. Fbel consumption da ta ,  as 
shown i n  Table 111, appear favorable when contrasted with t h e  f u e l  
economy f o r  cur ren t  production vehicles  of similar weight. 

s t a n t i a l l y .  The TCCS concept was i n i t i a l l y  developed f o r  mul t i fue l  
capabi l i ty ;  a s  a consequence, t h i s  engine does not have a s ign i f i can t  
octane requirement and i s  f l ex ib l e  with regard t o  f u e l  requirements. 
In  t h e  PROCO engine combustion chamber, an end gas region does e x i s t  
p r io r  t o  completion of combustion; and, as a consequence, t h i s  engine 
has a f i n i t e  octane requirement. 

Prechamber S t r a t i f i e d  
Charge Engines 

A number of designs achieve charge s t r a t i f i c a t i o n  through 
d iv is ion  of the combustion region i n t o  two adjacent  chambers. The emis- 
s ions reduction p o t e n t i a l  f o r  two types o f  dual-chamber engines has 
been demonstrattd. 
chamber engine, a small aux i l i a ry  or  i gn i t i on  chamber equipped with a 
spark plug communicates with t h e  much l a rge r  main combustion chamber 
loca ted  i n  the space above the  p is ton  (Figure 5) .  
t yp ica l ly  contains 5-15% of t h e  t o t a l  combustion volume. In  operat ion 
O f  t h i s  type of engine, t he  prechamber i s  supplied with a small quant i ty  
of fue l - r i ch  ign i t ab le  fue l - a i r  mixture while a very lean  and normally 
unigni table  mixture I s  supplied t o  t h e  main chamber above the  pis ton.  
Expansion of high temperature flame products from the  prechamber leads 
t o  i g n i t i o n  and burning of t h e  lean maln chamber fue l - a i r  charge. 

Both t h e  TCCS and PROCO engines a r e  inherent ly  low emit ters  

The U.S. Army Tank Automotive Command has sponsored develop- 

These power p l a n t s  have been based on conversion of the 4- 

Table I11 presents  emissions da ta  a t  low mileage f o r  severa l  

Fuel requirements f o r  the TCCS and PROCO engines d i f f e r  sub- 

F i r s t ,  i n  a design t r a d i t i o n a l l y  c a l l e d  the  "pre- 

The prechamber 
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The prechamber s t r a t i f i e d  charge en ine  has ex is ted  i n  various 
forms f o r  many years. 
engine could perform very e f f i c i e n t l y  within a l imi ted  range of care- 
f u l l y  cont ro l led  operat ing conditions. Both fuel-injected and carbu- 
r e t ed  prechamber engines have been b u i l t .  A fuel-injected design 
i n i t i a l l y  conceived by Brodersen (12) w a s  t h e  subjec t  of extensive study 
a t  the  University of Rochester f o r  near ly  a decade (13,14). 
tuna te ly ,  the  University of Rochester work vias undertaken p r i o r  t o  wide- 
spread recognition of t he  automobile emissions problem; and, as a 
consequence, emissions c h a r a c t e r i s t i c s  of t he  Brodersen engine were not 
determined. enother prechamber engine receiving a t t e n t i o n  i n  the  ea r ly  
19601s is  t h a t  conceived by R. M. Heintz (15) .  The object ives  of t h i s  
design were reduced HC emissions, increased f u e l  economy, and more f lex-  
i b l e  f u e l  requirements. 

I n i t i a l  experimeits with a prechamber engine design ca l l ed  
“ the  torch  ign i t i on  engine were reported i n  the  U.S.S.R. by Nilov (16) 
and l a t e r  by Kerimov and Mekhtier (17). This designation r e f e r s  t o  the 
to rch l ike  jet  of hot combustion gases  i ssu ing  from t h e  precombustion 
chamber upon ign i t ion .  In the  Russian designs, the  o r i f i c e  betueen pre- 
chamber and main chamber is s i zed  t o  produce a high ve loc i ty  j e t  of com- 
bustion gases. I n  a recent  publication (18), Varshaoski e t  a l .  have 
presented emissions da ta  obtained with a torch  engine system. These 
da ta  show s ign i f i can t  po l lu t an t  reductions r e l a t i v e  t o  conventional 
engines; however, t h e i r  i n t e rp re t a t ion  i n  terms of requirements based 
on the  Federal emissions t e s t  procedure is  not c l ea r .  

Early work by Ricardo 711) indicated t h a t  t h e  

2 

Unfor- 

/ 

/ 

A carbureted three-valve prechamber engine, the  Honda Compound 
’ Vortex-Controlled Combustion (CVCC) system, has received considerable 

recent  publ ic i ty  as a p o t e n t i a l  low emissions gower p lan t  (19). T h i s  
system i s  i l l u s t r a t e d  schematically i n  Figure . Honda’s cur ren t  design 

1 employs a conventional engine block and p is ton  assembly. Only the  
cy l inder  head and f u e l  i n l e t  system d i f f e r  from cur ren t  automotive prac- 
t i c e .  Each cyl inder  i s  equipped with a small precombustion chamber com- 
municating by neans of an o r i f i c e  w i t h  t h e  main combustion chamber 1 
s i t u a t e d  above t h e  pis ton.  A small i n l e t  valve is  located i n  each pre- 
chamber. Larger i n l e t  and exhaust valves typ ica l  of conventional auto- 
motive prac t ice  a r e  loca ted  i n  t h e  main combustion chamber. h o p e r  
proportioning of f u e l - a i r  mixture between prechamber and main chariber is  
achieved by a combination of t h r o t t l e  con t ro l  and appropriate i n l e t  
valve t i m i n g .  I n l e t  po r t s  and valves a r e  or iented t o  provLde spec i f i c  
l eve l s  of a i r  s w i r l  and turbulence in t h e  combustion chamber. I n  t h i s  
way, a r e l a t ive ly  slow and uniform burning process giving r i s e  t o  
elevated combustion temperatures l a t e  i n  the  expansion s t roke  and during 
the  exhaust process i s  achieved. High temperatures i n  t h i s  p a r t  of the  
engine cycle  a r e  necessary t o  promote complete oxidat ion of HC and CO. 
It should be noted t h a t  these elevated temperatures a r e  necessar i ly  
obtained a t  the expense of a f u e l  economy penalty. 

very promising. The emissions l eve l s  shown i n  Table IV f o r  a number of 
l ightweight  Honda Civic vehicles  a r e  typ ica l  and demonstrate that the  
Honda engine can meet s t a t u t o r y  1975-1976 HC and CO s tandards and can 

tance,  du rab i l i t y  of t h i s  sys-cem appears exce l len t  as evidenced by t h e  
high mileage emissions l eve l s  reported i n  Table IV. The noted deter io-  
r a t i o n  of emissions after ~0,000-50,000 miles of engine operation was 
s l i g h t  and apparently in s ign i f i can t .  

1. 
i 

Results of emissions tests with t h e  Honda engine have been 
t 
I 

I approach the s t a t u t o r y  1976 NOx standard (10). O f  p a r t i c u l a r  impor- 

I 
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Recently, t h e  EPA has t e s t ed  a larger vehicle  converted t o  the  
Handa system ( 2 0 ) .  T h i s  vehic le ,  a 1973 Chevrolet Impala  w i t h  a 350-CID 
V-8 engine, was equipped wi th  cyl inder  heads and induction system of 
Honda manufacture. Test  r e s u l t s  a r e  presented i n  Table V fo r  low 
vehic le  mileage. The vehicle  m e t  t h e  present  1976 in te r im Federal emis- 
s ions  s tandards though NOx l eve l s  were subs t an t i a l ly  higher than f o r  t he  
much l i g h t e r  weight Honda Civic vehicles .  

when operated at low emissions leve ls ,  i s  somewhat poorer than  that 
t y p i c a l  of well-designed conventional engines operated without emissions 
cont ro ls .  However, EPA data f o r  t h e  Chevrolet Impala conversion show 
that e f f ic iency  of t h e  CVCC engine meeting 1975-1976 in te r im standards 
w a s  comparable t o  o r  s l i g h t l y  better than  tha t  of 1973 production 
engines of similar s i z e  operating i n  vehic les  of comparable weight. It 
has  been s t a t e d  by automobile manufacturers that use of exhaust oxidation 
c a t a l y s t s  beginning i n  1975 w i l l  r e s u l t  i n  improved f u e l  economy r e l a t i v e  
t o  1973 production vehic les .  I n  th i s  event f u e l  economy of ca t a lys t -  
equipped conventional engines should be at l e a s t  as good as that of the  
CVCC system. 

The apparent e f f e c t  of vehicle  s i z e  (more prec ise ly  t h e  r a t i o  
of vehic le  weight t o  engine cubic inch displacement) on NOx emissions 
from t h e  Honda engine conversions demonstrates t h e  genera l ly  expected 
response of NOx emissions t o  increased spec i f i c  power demand from t h i s  
type of engine. For a given engine cubic inch displacement, maximum 
power output can be achieved only by enriching the  ove ra l l  fue l - a i r  m i x -  
t u r e  r a t i o  t o  nea r ly  s to ich iometr ic  pro-portions and at t h e  same t i m e  
advancing ign i t ion  t iming t o  t h e  MBT point .  Both f ac to r s  give r i s e  t o  
increased NOx emissions. This behavior i s  evidenced by Table V I ,  which 
presente s teady s t a t e  emissions data f o r  t he  Honda conversion of the  
Chevrolet Impala ( 2 0 ) .  A t  l i g h t  loads,  NOx emissions a r e  below o r  
roughly comparable t o  emissions from a conventionally powered 193 
Impala. This s tock  vehic le  employs EGR t o  meet t h e  1973 NOx standard. 
It i s  noted i n  Table VI t h a t  f o r  t h e  heaviest  load condition reported, 
the 60-mph c ru i se ,  NOx emissions from t h e  Honda conversion approached 
twice t h e  l eve l  of emissions from t h e  s tock vehicles. This po in ts  t o  
t h e  f a c t  t h a t  i n  s i z i n g  en ines  f o r  a spec i f i c  vehicle  appl ica t ion ,  t he  
decreased a i r  u t i l i z a t i o n  ?and hence spec i f i c  power output)  of t h e  pre- 
chamber engine when operated under low emissions condi t ions must be 
taken i n t o  consideration. 
Divided-Chamber Staged 
Combustion Engine 

Dutl-chamber engines of anEther type, o f ten  c a l l e d  "divided- 
chamber" or large-volume prechamber engines, employ a two-stage com- 
bustion process. Here i n i t i a l  r i c h  mixture combustion and hea t  re lease  
( f i rs t  s tage of combustion) a r e  followed by r a p i d  d i lu t ion  of combustion 
products w i t h  r e l a t i v e l y  low temperature a i r  (second s tage  of combus- 
t i o n ) .  I n  terms of t h e  concepts previously developed, t h i s  process i s  
i n i t i a t e d  in t h e  v i c i n i t y  of  Point A of Figure 2. Subsequent mixing of 
combustion products w i t h  a i r  i s  represented by a t r a n s i t i o n  from Point A 
t o  Point E. The ob jec t  of t h i s  engine design i s  t o  e f f e c t  t h e  t r a n s i -  
t i o n  from Point A t o  Point E w i t h  s u f f i c i e n t  speed t h a t  time i s  not 
ava i l ab le  f o r  formation of s ign i f i can t  quan t i t i e s  of NO. During the  
second low temperature s tage  of combustion (Point  B) , oxidation of HC 
and CO goes t o  completion. 

Fuel economy data ind ica t e  t ha t  e f f ic iency  of t h e  Honda engine, 

\ 

i 

1 
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t he  secondary combustion chamber (21, which includes the cy l inder  volume 
above the  p is ton  top. 
primar chamber only. In jec t ion  timing i s  arranged such t h a t  f u e l  
c o n t d  ously mixes with a i r  en te r ing  the primary chamber during the  com- 
pression s t roke.  A t  t he  end of compression, a s  t he  p is ton  nears  i t s  top 
centar  pos i t ion ,  the  primary chamber contains an ign i t ab le  fue l - a i r  
mixture while t he  secondary chamber adjacent t o  the  p is ton  top  contains 
only air. Following ign i t ion  of t he  primary chamber mixture by a spark 
plug (6)  located near t he  dividing o r i f i c e ,  high temperature r i c h  mix- 
t u re  combustion products expand rap id ly  i n t o  and mix with t h e  r e l a t i v e l y  
cool air contained i n  $he secondary chamber. The r e su l t i ng  d i l u t i o n  of 
combustion products with at tendant  temperature reduction rap id ly  sup- 
presses  formation of NO. A t  the  same time, the  presence of excess air 
i n  the  secondary chamber tends t o  promote complete oxidation of HC and 
co. 

Results of l imi ted  research conducted both by un ive r s i ty  and 
i n d u s t r i a l  l abora tor ies  ind ica te  t h a t  NOx reduct ions of as  much a s  
80-95s r e l a t i v e  t o  conventional engines a r e  possible  w i t h  t h e  divided- 
chamber staged combustion process. Typical experimentally determined 
NOx emissions l eve l s  are presented i n  Figure 8 ( 2 3 ) .  
f o r  two d i f f e ren t  divided-chamber configurat ions a r e  compared with 
t y p i c a l  emissions l eve l s  f o r  conventional uncontrolled automobile 
engines. 
represents  the  f r ac t ion  of t o t a l  combustion volume contained i n  the  
primary chamber. For R values approaching 0.5 o r  lower, NOX emissions 
reach extremely low l eve l s .  However, maximum power output capab i l i t y  
f o r  a given engine s i z e  decreases with decreasing E values. Optimum 
primary chamber volume must u l t imate ly  represent a compromise between 
low emissions l eve l s  and desired maximum power output .  

engine a re  subs t an t i a l ly  lower than conventional engine l eve l s .  How- 
ever, fu r the r  de t a i l ed  work with combustion chamber geometries and f u e l  
i n j ec t ion  systems w i l l  be necessary t o  f u l l y  evaluate  the  p o t e n t i a l  for  
reduction of these emissions. Table V I 1  presents  r e s u l t s  of tests c i t ed  
by the  National Academy of Sciences (10) .  

Emissions from the  divided-chamber engine a r e  compared w i t h  
those from a laboratory PROCO s t r a t i f i e d  charge engine, the comparison 
being made at  equal l eve l s  of NOx emissions. NOx emissions were con- 
t r o l l e d  t o  spec i f i c  l eve l s  by addi t ion  of EGR t o  the PROCO engine and 
by adjustment of operating parameters f o r  the  divided-chamber engine. 
These data  ind ica te  t h a t  the  divided-chamber engine i s  capable of 
achieving very low N& emissions w i t h  r e l a t i v e l y  low HC and CO emissions. 

As shown by Table V I I ,  f u e l  economy of the  divided-chamber 
staged combustion engine i~ comparable t o  t h a t  of conventional pis ton 
engines without emissions cont ro ls .  When compared wi th  conventional 
p i s ton  engines cont ro l led  t o  equivalent low NOX emissions l eve l s ,  the 
divided-chamber engine i s  superior  i n  terms of f u e l  economy. 

The Diesel  W i n e  

The d i e s e l  engine can be viewed a s  a highly developed form 
of s t r a t i f i e d  charge engine. Combustion i s  i n i t i a t e d  by compression 
ign i t ion  of a small quant i ty  of fue l - a i r  mixture formed j u s t  a f t e r  the  
beginning of f u e l  in jec t ion .  Subsequently, in jec ted  f u e l  i s  burned i n  

A f u e l  i n j ec to r  ( 4 )  suppl ies  f u e l  t o  t h e  
1 

i 

Here NOx emissions 
I'  i 

/ 
The volume r a t i o ,  8 ,  appearing a s  a parameter i n  Figure 8, 

HC and pa r t i cu la r ly  CO emissions from the  divided-chamber 

J 



22 

i 
\ 

a heterogeneous d i f fus ion  flame. Overall  fue l - a i r  r a t i o s  i n  d i e s e l  
engine operation a r e  usua l ly  extremely f u e l  lean.  However, major com- 
bust ion react ions occur l o c a l l y  i n  combustion chamber regions contain- 
ing fue l -a i r  mixtures i n  the  v i c i n i t y  of s toichiometr ic  proportions.  

The conventional d i e s e l  engine i s  character ized by low l e v e l s  
of CO and l i g h t  HC emissions,  a r e s u l t  of lean mixture operation. On 
a u n i t  power output basis, N C x  emissions from d i e s e l  engines a r e  
typ ica l ly  lower than those of uncontrolled gasol ine engines, a combined 
r e s u l t  of d i f fus ion  combustion and, i n  an approximate sense, low mean 
combustion temperatures.  
d i e s e l  combustion has shown that NO formation occurs pr imari ly  i n  corn- 
bust ion products formed e a r l y  i n  the  combustion process, with the  l a t e r  
port ions of dif fusion-control led combustion cont r ibu t ing  subs t an t i a l ly  
Jess (24 ) .  

Work devoted t o  mathematical simulation of 

Table V I 1 1  p resents  emissions l eve l s  f o r  th ree  diesel-powered 
passenger cars  as reported by t h e  EPA (25). 
Mercedes 220D, Ope1 Rekord 2100D, and Peugeot 504D, were powered by 
4-cylinder en ines  ranging i n  s i z e  from 1.26-134 C I D  w i t h  power r a t ings  
ranging from 85-68 bhp. 
of meeting the 1975 s t a t u t o r y  emissions standards. NOX emissions were 
i n  excess of t he  o r i g i n a l  Federal  1976 standards but were w e l l  within 
present  inter im standards.  

and odorant emissions, both of which could be important problems w i t h  
widespread d i e s e l  engine use in automobiles. Complete assessment of 
the environmental p o t e n t i a l  f o r  the  d i e s e l  engine would have t o  include 
consideration of these  f ac to r s  a s  wel l  as emission of polynuclear 
aromatic hydrocarbons. A l l  a r e  the  subjec t  of ongoing research. 

These vehic les ,  a 

'\ "WO of the  diesel-powered vehicles  were capable 

The preceding data do not include information on pa r t i cu la t e  

Fuel economy data  re fer red  t o  both 1972 and 1975 Federal t e s t  
procedures a re  presented i n  Table V I I I .  As expected, d i e s e l  engine f u e l  
economies a re  exce l l en t  when compared with gasol ine engine values. How- 
ever ,  a more accurate  appra i sa l  would probably require  comparison a t  
equal vehicle performance leve ls .  Power-to-weight r a t i o s  and, hence, 
accelerat ion times and top  speeds f o r  t he  diesel vehicles  c i t e d  above 
are in fe r io r  t o  values expected i n  typ ica l  gasoline-powered vehicles .  

\ 

Gas Turbine, S t i r l i n g  Cycle, 
and Rankine Cycle Engines 

Gas tu rb ine ,  S t i r l i n g  cycle ,  and Rankine engines a l l  employ 
steady flow o r  continuous combustion processes operated with fuel- lean 
ove ra l l  mixture r a t i o s .  In  a s t r i c t  sense, t h e  gas turb ine  is an 
i n t e r n a l  combustion engine s ince  high temperature combustion products 
serve a s  the cycle working f l u i d .  Rankine and S t i r l i n g  engines a r e  
ex terna l  combustion devices wi th  heat exchanged between high tempera- 
t u r e  combustion gases and the  enclosed cycle working f l u i d .  

t i o n  pis ton engines,  t h e  major obstacles  related t o  use of continuous 
combustion power p l an t s  a r e  i n  the  a reas  of manufacturing cos ts ,  dura- 
b i l i t y ,  vehicle performance, and f u e l  economy. The problem of exhaust 
emissions, which involves pr imari ly  the  combustion process, has been 
l e s s  s ign i f i can t  than the  foregoing items. 

I n  cont ras t  t o  the  s i t u a t i o n  w i t h  conventional spark igni- 

I 
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A s  a consequence of lean combustion, these continuous combus- 
t i o n  power p lan ts  a r e  character ized by low HC and CO emissions. 
inves t iga tors  have reported data ind ica t ing  t h a t  ex is t ing  combustion 
systems a r e  capable of approaching o r  meeti 
vehicle emissions standards f o r  HC and CO (%,27). 

than those of conventional uncontrolled gasol ine engines. However, it 
has been shown t h a t  ex i s t ing  combustors probably w i l l  not meet the 
s t a tu to ry  1976 N k  standard when i n s t a l l e d  i n  motor vehicles  (26) .  

found t o  r e s u l t  from the  presence of high temperature zones w i t h  l o c a l  
fue l - a i r  r a t i o s  in t h e  v i c i n i t y  of s toichiometr ic  condi t ions.  
Approaches suggested f o r  minimizing NOx formation have Fnvolved reduc- 
t i o n  of t h e s e  loca l ized  peak temperatures through such techniques a s  
rad ia t ion  cooling, water i n j ec t ion ,  and primary zone a i r  i n j ec t ion .  
Other approaches include lean mixture primary zone combustion such t h a t  
l o c a l  maximum temperatures f a l l  below l eve l s  required f o r  s ign i f i can t  
NO formation. Laboratory gas turbine combustors employing severa l  of 
these approaches have demonstrated the  po ten t i a l  f o r  meeting the  1976 
standards (28) .  With a laboratory S t i r l i n g  engine combustor, Phi l ips  
has measured simulated Federal  vehicle  test  procedure emissions leve ls  
well  below 1976 s t a tu to ry  l eve l s  (29) .  

Conclusion 

A s  an a l t e rna t ive  t o  the  conventional i n t e r n a l  combustion 
engine equipped w i t h  exhaust treatment devices, modified combustion 
engines can, i n  pr inc ip le ,  y ie ld  la rge  reductions i n  vehicle  exhaust 
emissions. Such modifications include s t ra t i f ied charge engines of 
both open and dual chamber design. On an experimental bas i s ,  prototype 
s t r a t i f i e d  charge engines have achieved low exhaust emissions w i t h  f ue l  
economy superior  t o  t h a t  of conventional engines cont ro l led  t o  s imi la r  
emissions leve ls .  

The d i e s e l  engine i s  capable of achieving low leve ls  of l i g h t  
H C j  CO, and NOx emissions w i t h  exce l len t  fuel. economy. Poten t ia l  prob- 
lems associated with widespread d i e s e l  use i n  l igh t -duty  vehicles  a re  
i n i t i a l  cos t ,  l a rge  engine s i z e  and weight f o r  a given power output, 
the p o s s i b i l i t y  of excessive pa r t i cu la t e  and odorant emissions, and 
excessive engine noise. 

have the po ten t i a l  f o r  very low exhaust emissions. These include the  
gas turb ine ,  the Rankine engine, and the S t i r l i n g  engine. However, a t  
t he  present  time major problems In  the areas  of manufacturing cos t s ,  
r e l i a b i l i t y ,  du rab i l i t y ,  vehicle performance, and f u e l  economy must be 
overcome. A s  a consequence, these systems must be viewed as r e l a t i v e l y  
long range a l t e rna t ives  t o  the p is ton  engine. 
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Test 

Table V 

Emissions from Honda Compound 
Vortex-Controlled Combustion 

Conversion of 350-CID 
Chevrolet Impala (Reference 20)  

@;/Mile’ Fuel Economy, 
HC I CO I NOx mpg 

I I Emissions .1 I 

1 

4 

0.27 2.88 1.72 10.5 
0.23 5.01 1.95 11.2 
0.80 2.64 1.51 10.8 
0.32 2.79 1.68 10.2 

I I I I 1 
’1975 CVS C-H procedure, 5000-lb I n e r t i a  

‘Carburetor f l o a t  valve malfunctioning. 

=Engine s t a l l e d  on hot start  cycle. 

weight. 
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Table VI 

Steady State missions from Honda Compound 
Vortex-Controlled Combustion Conversion of 

3 5 0 - C I D  Chevrolet Impala (Reference 20) 
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1 -  
2 -  
3 -  
4 -  

Fuel Spray 
Fuel-Air Mixing Zone 
Flame Front Area 
Combustion Products 

Figure 3: Texaco-Controlled Combustion System (TCCS) 

Fuel Injector 
1 

Figure 4: Ford-Programmed Combustion (PROCO) System 

f 



Figure 5: Schematic Representation of 
Prechamber S t r a t i . f i e d  Charge 
Engine 

Figure 6 :  Honda CVCC Engine (Reference 19) 
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(4) Fuel Injector 
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Figure 7 :  Schematic Representation of Divided 
Chamber Engine (Reference 21) 

MET Ignition Timing 
Wide Open Throttle 

Conventional 
Chamber 

Fraction of Total Combustion 
Volume i n  Primary Chamber 

Divided Chamber, p - 0.85 , 

0,ivided Chamber, p = 0.52 

-= ' I .I 1 
0.5 0.6 0.7 0.8 0.9 1.0 1.1 

O v e r a l l  F u e l - A i r  E q u i v a l e n c e  R a t i o  

Figure 8: Comparison of Conventional and 
Divided Combustion Chamber NqC 
Emissions (Reference 23) 


